ABSTRACT Three hundred eighty-two freshly oviposited gypsy moth, Lymantria dispar (L.), egg masses from two laboratory strains (fertile and F 1 -sterile) and one wild strain were subjected to seven temperature regimes. Egg hatch was monitored daily in each egg mass until egg hatch was completed. The hatch pattern of each strain in each temperature regime was described by a cumulative distribution of percentage of total egg hatch, and distributions were compared statistically. Egg hatch distributions differed signiÞcantly in all but three of the 21 comparisons. However, cumulative egg hatch milestones of 5, 50, and 95% were reached by the F 1 -sterile egg masses Ͻ1, 2, and 4 d later, respectively, than either the laboratory fertile or wild strains. These differences are small relative to the Ϸ8 mo spent in the egg stage, and they should not invalidate the use of F 1 -sterile egg masses as sentinel eggs where the risk of establishment with fertile eggs is deemed too great.
with inevitable future introductions to currently uninfested areas is of interest to land managers.
Risk is composed of two components (Schmoldt 2001) : the probability of an event (chance), and the consequences of the event should it occur (potency) (The term "risk" has been used with inconsistent meanings in the pest management literature. Here, we use the deÞnition advanced by the Society for Risk Analysis: risk is the product of the probability of an event occurring and the damage that will result.) If introduction is considered inevitable, then chance (the Þrst component of risk) is the probability of establishment after an introduction. Not every introduction results in population establishment; and estimating where introductions are likely to lead to establishment is important in developing detection and eradication strategies (Logan et al. 2006) .
One of the most important factors affecting the chance of gypsy moth establishment is the likelihood that its phenological requirements will be met by the location where the introduction occurs. Perhaps the most important phenological requirement of the gypsy moth is that eggs hatch coincidentally with the emergence of host plant foliage. The timing of egg hatch can be examined with a geographically robust phenology model, such as the Gypsy Moth Life Stage model (Gray 2004) . Alternatively, or in addition, timing of egg hatch can be observed with caged sentinel gypsy moth egg masses, but the risk of larval escape is usually deemed too high in most uninfested areas. However, so-called sterile egg masses (i.e., egg masses whose larvae are sterile) could be used if their hatch-ing pattern was sufÞciently similar to wild fertile eggs. Male gypsy moths that have been irradiated as 8-to 9-d-old pupae with a substerilizing dose of Cobalt 60, and then mated with normal females, produce Þrst generation (F 1 )-sterile progeny. When these F 1 -sterile males and females mate with untreated gypsy moths, only 0.06 and 0.87%, respectively, of the eggs hatch (Schwalbe et al. 1991) . The risk of escape and subsequent successful establishment (chance ϫ potency) of these larvae is thus zero, because they are virtually incapable of producing a subsequent generation. (The very low fertility rate, coupled with the lower larval survival rate, renders the risk of introduction essentially zero.)
Egg hatch success is reduced from normal in irradiated pupae; the F 1 -sterile larvae have a lower than normal survival rate and a longer than normal developmental time (Schwalbe et al. 1991) . Schwalbe et al. (1991) also reported that "some F 1 eggs hatched Ϸ10 d before the Þrst major peaks" of wild eggs. However, the abundance of early hatching eggs in the F 1 -sterile population was not reported; and to our knowledge, a comparison of hatch times of F 1 -sterile and wild eggs has not been published that would highlight potential differences under a variety of temperature conditions.
Of the 8 or 9 mo of the annual gypsy moth life cycle in the egg stage (Leonard 1981) , 4 or 5 mo will be spent in the diapause phase under most North American climate conditions (Gray 2004 ; D.R.G., unpublished model results). Gray et al. (2001) suggested that the time of diapause completion may be the single most important factor inßuencing timing of egg hatch. The objective of this study was to examine the utility of F 1 -sterile gypsy moth egg masses as sentinels for monitoring the timing of egg hatch. The timing of hatch of F 1 -sterile egg masses was compared with that of a fertile laboratory population, and with a wild population, under a variety of laboratory-controlled temperature regimes that have been determined to have signiÞcant effects on diapause developmentÑthe most critical period in determining the timing of egg hatch. (ODell et al. 1984) . One hundred forty F 1 -sterile egg masses (hereafter called F 1 -sterile egg masses) were collected from the USDAÐAPHIS colony after the mating of the adult males from irradiated pupae and untreated females. One hundred forty fertile egg masses (hereafter called NJSS egg masses) were collected after mating of untreated males and females from the same colony. Egg masses were reared for 10 d at 22ЊC, and then they were shipped by overnight courier to Natural Resources CanadaÕs Atlantic Forestry Centre (Fredericton, New Brunswick, Canada). Egg masses were immediately placed in a rearing chamber at 22ЊC.
Materials and Methods

Insects
One hundred and two wild egg masses (hereafter called NB-wild egg masses) were collected within 1 d of oviposition from a site in central New Brunswick. Freshly laid egg masses were identiÞed by marking egg masses with a pin while females were still ovipositing. Marked egg masses were collected the next day when oviposition was completed. Wild egg masses were returned to the Fredericton laboratory, where they were placed in a rearing chamber at 22ЊC.
Rearing Temperatures. Temperature treatments were designed to maximize differences in hatching patterns among the three egg mass types (F 1 -sterile, NJSS, and NB-wild). Accordingly, temperature regimes varied in their anticipated effect on egg diapauseÑthe critical phase in determining timing of egg hatch. Each egg mass was Þrst reared for 65 d at 22ЊC to satisfy prediapause development (Gray et al. 1991) , and then it was assigned to one of seven temperature regimes. Gray et al. (2001) observed that developmental response in diapause varied with temperature and that the developmental response to a given temperature also varied with the physiological age at the time of exposure to the temperature. This means diapause development will be differently affected by exposures to temperatures x and y, but that it will also be differently affected by exposures to temperature x that occur early and late in the diapause phase. Therefore, rearing regimes varied in their minimum temperatures, and in the time when exposure to the minimum temperature occurred. Temperature regimes are illustrated in Fig. 1 . In this way, the number of regimes exceeded the limited number of subzero temperature chambers available; thus, different developmental responses would be expected from two temperature regimes that did not differ in their actual temperatures, but they differed in when the exposure to low temperatures occurred (e.g., compare regimes 2 and 3). Humidity was maintained at its maximum in all chambers by placing trays of water in the chambers.
Statistical Analysis. Egg hatch was monitored Þve times per week (MondayÐFriday) until the Þrst observed hatch, and then daily until seven consecutive observations were recorded with no hatch. After the completion of egg hatch, daily percentage of total egg hatch was calculated from all the egg masses of each type within each temperature regime. Distributions of cumulative percentage of total egg hatch were compared between each pair of egg mass types in each temperature regime by the KolmogorovÐSmirnov (KS) test (Hollander and Wolfe 1973) . Calculations of the asymptotic KS statistic (KS a ) were done by PROC NPAR1WAY of SAS (SAS Institute 1999). 
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Times (number of days after oviposition) of 5, 50, and 95% cumulative egg hatch were determined for each egg mass. Differences in cumulative hatch times among egg mass types, irrespective of rearing regime, were analyzed by a one-way analysis of variance (ANOVA), and the TukeyÐKramer range test for unequal group sizes (PROC GLM of SAS (Pausas 1999) .
Results
In total, 40,124 (F 1 -sterile), 78,733 (NJSS), and 17,172 (NB-wild) larvae hatched from the 382 egg masses. Approximately 1.7% of the F 1 -sterile eggs and 0.7% of the NJSS eggs hatched without exposure to low temperatures. Nondiapausing eggs are common in laboratory strains, and these eggs were ignored when calculating cumulative egg hatches. Three NB-wild egg masses failed to have any egg hatch, and they were not included in the analyses. Females that are not fertilized will still oviposit an egg mass (Leonard 1981) .
Egg hatch distributions were signiÞcantly different (P Ͻ 0.002) among egg mass types in all but three of the 21 comparisons in the seven temperature regimes (Table 1) . Egg hatch distributions were signiÞcantly different (P Ͻ 0.0001) between NB-wild and F 1 -sterile egg masses in all temperature regimes. There was no signiÞcant difference (P Ͼ 0.05) in egg hatch distributions of the NB-wild and the NJSS egg masses in three of the temperature regimes (regimes 1, 4, and 6). Egg hatch distributions are illustrated in Fig. 1 . The signiÞcance of differences in distributions between pairs of egg mass types is shown in Table 1 .
Egg hatch occurred in the F 1 -sterile egg masses before either the NB-wild or the NJSS egg masses in all but regime 1 (Fig. 1) . Schwalbe et al. (1991) also noted that hatch from F 1 -sterile egg masses occurred before the peak of wild hatch. However, in our study, the cumulative egg hatch in the NB-wild and the NJSS quickly overtook that of the F 1 -sterile masses.
There were signiÞcant differences among egg mass types in the times to 5, 50, and 95% cumulative egg hatch. Each of the percentage milestones in cumulative egg hatch was reached later by the F 1 -sterile egg masses than by either the NB-wild or the NJSS egg masses, although the differences were small ( Table 2) . F 1 -sterile eggs were Ͻ1 d later than either the NJSS or NB-wild egg masses in reaching 5% cumulative egg hatch; and they were Ͻ2 d later in reaching 50% cumulative egg hatch. F 1 -sterile egg were Ͻ4 d later than either the NJSS or NB-wild egg masses in reaching 95% cumulative egg hatch. There was no signiÞ-cant difference between the NB-wild and the NJSS egg masses in times associated with any of the hatch milestones (Table 2) .
Discussion
Much of western United States and southern Canada faces a high probability of repeated accidental introduction of gypsy moth (Nealis et al. 1999 , Logan et al. 2006 . Estimating the probability that a future introduction will lead to the establishment of a population would improve the ability of pest managers to assign limited detection and survey resources to those areas with the highest probability of establishment. The timing of egg hatch, and speciÞcally the coincidence of egg hatch and host plant foliage emergence, is an important factor in the probability of gypsy moth establishment. The use of "sentinel" egg masses provides an independent veriÞcation of the estimates of egg hatch timing produced by a phenology model. The results here indicate that F 1 -sterile egg masses of the gypsy moth are a reliable and zero-risk alternative to fertile egg masses for use as sentinel egg masses. Although there were signiÞcant differences among egg mass types (F 1 -sterile, NB-wild, and NJSS) in the egg hatch distributions in 18 of 21ЊC temperature regimes, there was less than a 2-d difference in the time to reach 50% cumulative egg hatch, and less than a 4-d difference in the time to reach 95% cumulative egg hatch. Such small differences should not invalidate the use of F 1 -sterile egg masses as sentinel egg masses for timing eradication treatments where the risk of establishment associated with the use of wild, or NJSS egg mass is deemed too high.
